We demonstrate that chirality of the electron scattering in Weyl semimetals leads to the formation of magnetic chemical bonds for molecular states of a pair of impurities. The effect is associated with the presence of time-reversal symmetry breaking terms in the Hamiltonian which drive a crossover from s-to p-wave scattering. The profiles of the corresponding molecular orbitals and their spin polarizations are defined by the relative orientation of the lines connecting two Weyl nodes and two impurities. The magnetic character of the molecular orbitals and their tunability open the way for using doped Weyl semimetals for spintronics and realization of qubits.
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Introduction. Recent years witnessed unprecedented penetration of the ideas of high energy physics into the domain of condensed matter. In particular, lot of attention is now attracted to the condensed matter realizations of three dimensional (3D) massless quasi-relativistic particles known as Dirac or Weyl fermions [1] . The experimental observation of Dirac fermions in such materials as Na 3 Bi [2, 3] and Cd 3 As 2 [4, 5] made possible the study of the 3D analogs of graphene physics in a robust topologically protected material possessing both inversion (I) and time reversal (T ) symmetries [6] . In Weyl semimetals, where one of these symmetries is broken, a Dirac node, which is the point where conduction and valence bands touch each other, splits into a pair of Weyl nodes with opposite chiralities. Such nodes are predicted to give rise to a plethora of interesting phenomena, including formation of Fermi arcs, unusual Hall effects, and chiral anomaly, among others [6] [7] [8] [9] [10] [11] [12] . The material platform for realization of Weyl fermions is presented by such compounds as tantalum arsenide (TaAs) [13] [14] [15] [16] [17] , niobium arsenide (NbAs) [18] , and tantalum phosphide (TaP) [19] .
One of the aspects of Weyl semimetals which recently received particular attention is the peculiar impurity physics [20] [21] [22] [23] [24] [25] . In the present work, we clarify the role played by chirality of Weyl quasiparticles in the processes of impurity scattering by investigation of the local density of states. The latter can be experimentally addressed by means of the scanning electron microscopy (STM). We show that long-range Friedel-like oscillations [26] contribute to the formation of molecular states in a pair of distant impurities embedded in a 3D relativistic semimetal. We demonstrate that, the scenario of the impurity scattering is radically different in Dirac and * yurimarques111@gmail.com † correspondent author: antonio.seridonio@unesp.br
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(c) Weyl semimetals and show that in the latter case magnetic molecular states can be formed. Their particular type is defined by the relative orientation of the lines connecting two Weyl nodes and two impurities. We report a crossover from s-to p-type atomic orbitals for individual impurities and related formation of spin-polarized σ− and π−type molecular orbitals for an impurity pair.
The Model. and represent the total Hamiltonian as the sum of the three terms:
The low-energy Hamiltonian of the host may be represented as
where
T is four-spinor operator whose components c † kχσ (c kχσ ) stand for the creation (annihilation) operators of an electron with wave number k and spin σ,
where k = (k x , k y , k z ) is the three-dimensional wave vector, σ stands for the vector of Pauli matrices, the index χ = ±1 corresponds to the chirality of the Weyl nodes and v F is the Fermi velocity. For Q = 0, T symmetry is conserved and a pair of Weyl nodes is degenerated, which corresponds to the case of a standard Dirac semimetal. If T symmetry is broken (Q = 0), two Weyl nodes are displaced with respect to each other towards two different points in the Brillouin zone located at ±Q, but maintain energetic degeneracy as it is depicted in the Fig. (1) .
The impurities are modeled by the Hamiltonian
with ε jσ being single-particle energy and U j the on-site Coulomb repulsion, whereas n jσ = d † jσ d jσ corresponds to the number of electrons with spin projection σ at the site j with d † jσ and d jσ being respectively creation and annihilation operators.
The hybridization between the host and the impurities is described by the term:
and
√ N e ik·Rj , with v 0 being the hybridization amplitude between electrons of the host and localized states of the impurities positioned at R j (j = 1, 2), N is the normalization factor yielding the total number of the conduction states. Local Density of States (LDOS). The electronic properties of the considered system are determined by the LDOS of the host which can be experimentally accessed by means of an STM-tip. It can be calculated using standard equation-of-motion (EOM) procedure [27, 28] as:
whereG σ (ε, r m ) is the time-Fourier transform of the retarded Green's function in the time domain, defined as:
where θ (t) denotes the Heaviside function, ψ σ (t, r m ) is the field operator of the host electrons written in terms of the continuous variable r m , the brackets · · · H denote the ensemble average with respect to the full Hamiltonian, {· · · } determines an anti-commutator between operators in the Heisenberg picture, ρ 0 (ε) = 6ε 2 D 3 is the pristine host DOS with D being the energy cutoff corresponding to the half-bandwidth, and
(9) encodes the Friedel-like oscillations describing the scattering of the conduction electrons by the impurities, where the terms j = j and j = j give rise to intra and inter-impurity scattering processes, respectively, which are ruled by the spatial dependent self-energy
responsible for the chiral magnetic chemical bound mechanism as we will see below, r mj = r m − R j and ± signs correspond to the vector direction (positive for r mj , negative for r jm ),G jσ|j σ (ε) is the time-Fourier transform of the Green's function of the impurities
Application of the EOM method toG jσ|j σ (ε) together with Hubbard-I decoupling scheme [29] , yields
n jσ is the spectral weight, g jσ|jσ (ε) = 1 ε−εjσ−Σ0 as the single impurity noninteracting Green's function,
is the occupation number of an impurity with n F (ε) being the Fermi-Dirac distribution,
is the local self-energy, Σ σ (r jj ) = χ Σ χ σ (r jj ) and
Results and Discussion. In order to understand the formation of the molecular states of a pair of impurities inside a Weyl semimetal, we should start from analyzing the case of a single impurity. As model parameters, we adopt without loss of generality, temperature T = 0K, the energy of an impurity ε jσ = −0.07D, hybridization amplitude v 0 = −0.14D, on-site Coulomb repulsion U j = 0.14D, v F ≈ 3 eVÅ and D ≈ 0.2 eV. As one can see in the Fig.2 , the 2D map of the LDOS which can be probed by an STM-tip over the system surface presents a crossover from s-to p-type atomic orbitals as Q is increased and one moves from Dirac (Q = 0) towards the Weyl regime (Q = 0). This happens due to the presence of the terms depending on v F χQ in the original Hamiltonian. Note, that the p-orbital is elongated along the direction of Q. Now we can analyze the molecular state corresponding to a pair of impurities inside a Weyl semimetal with broken T −symmetry. We will consider two cases of the mutual orientation of the vectors Q and r 12 = R 1 − R 2 connecting the two impurities: i) perpendicular orientation, Q · r 12 = 0 and ii) parallel orientation Q · r 12 = |Q||r 12 |. As we will demonstrate, the former case corresponds to the formation of spin degenerate molecular orbitals, while the latter case gives rise to the chiral magnetic chemical bonds.
Let us start from the case Q · r 12 = 0. We place impurities in the XY plane inside the host at the positions corresponding to R 1,2 = (0, ∓1, 0)nm. In the case of an individual impurity, a single energy resonance appears within the valence band in ρ(ε, r m ). Naturally, in the two-impurity system a pair of peaks corresponding to bonding and antibonding states appears, as it is shown in the Figs.3(b) and 3(d) for the cases of Dirac (Q = 0) and T -breaking Weyl (Q = 0) hosts. Note, that the coupling between the impurities is fully mediated by Friedel-like oscillations of the electronic density of the host mathematically described by the self-energy λσ j Σ σ (r jj )gj σ|jσ (ε)λσ j Σ σ (rj j ) entering into the denominator ofG djσdjσ (ε) given by the Eq. (12) .
The 2D map of the molecular orbitals on the host surface is presented in the panels (e)-(h) of the Fig.3 . Panels (e) and (f) correspond to the case of a Dirac host which was previously considered by some of us in the Ref. 25 . One clearly sees the emergence of bonding and antibonding molecular orbitals with σ-type symmetry resulting from the interference between two s-wave atomic orbitals of individual impurities, as it is illustrated in the panel (i). Panels (g) and (h) correspond to the case of a Weyl semimetal with Q · r jj = 0, for which individual impurities reveal p−type atomic orbitals stretched in the direction perpendicular to the line connecting the impurities. Note, that for the considered case bonding and antibonding molecular orbitals have clear π-type symmetry. These orbitals remain spindegenerate, as it follows from the Eq.(10), which leads to Σ σ (r jj ) = χ Σ χ σ (r jj ) independent of the spin degree of freedom, i.e., Σ ↑ (r jj ) = Σ ↓ (r jj ).
The case of the parallel orientation of the vectors Q and r 12 is illustrated by the Fig.4 . Note that in this case, according to the Eq. (10) the presence of the terms e iχQ·r jj with χ = ±1 in the expression for the self-energy Σ σ (r jj ) = χ Σ χ σ (r jj ), leads to the lifting of spin degeneracy and gives rise to the formation of chiral magnetic chemical bonds. Interestingly enough, this spindependency can not be considered as being fully equivalent to one induced by effective external magnetic field, once the sequence of the peaks in the LDOS presented in the Fig.4(b) does not correspond to the alternation of spin-up and spin-down states as usual, but consists of the two inner spin-down states flanked by the two outer spinup states as can be clearly seen from the Fig.4(c) . The profiles of the spin-resolved orbitals corresponding to the bonding and antibonding states are shown in the panels (d)-(g) of the Fig.4 . These orbitals exhibit σ-type symmetry and are formed due to the interference between two frontal p-wave orbitals as sketched in the Fig.4(h) . To shed more light on the splitting between spinpolarized components in the LDOS, we investigate the impurity magnetization characterized by the polarization degree p = ( n j↑ − n j↓ )/ n j↑ + n j↓ ), where the occupation numbers are defined by the Eq.(13). The dependence of the magnetization on the separation between the Weyl nodes in the direction parallel to the line connecting the two impurities Q y is shown in the Fig. 5(a) . One clearly sees pronounced periodic behavior, stemming from the oscillations of the factor e iχQ·r jj in the expression for spin-resolved self-energy in the Eq. (10) . The LDOS corresponding to the spin-degenerate case, maxi-mal positive and negative magnetizations, is shown in the Fig. 5(d) . Note that for the spin-degenerate situation corresponding to Q y = 0.157, the shape of the molecular orbitals presented in the Figs.5(b,c) can be represented as linear combination of the orbitals presented in the Fig.4(d)-(g) .
Conclusions. We analyzed the structure of the molecular orbitals corresponding to the pair of impurities placed within a Weyl semimetal focusing on the role played by the T -symmetry breaking. For this purpose the corresponding LDOS was evaluated. It was demonstrated that the terms in the self-energy stemming from the chiral dependent minimal coupling drive a crossover from spin degenerate σ-type molecular orbitals characteristic for the case of a Dirac host to spin degenerate π-type orbitals or spin-polarized σ-type orbitals for the case of a Weyl host. The type of the chemical bonding in this latter case can be controlled by variation of the mutual position of the impurities with respect to the vector Q describing the shift of the Weyl nodes. The magnetic character of the molecular orbitals and their tunability open the way for using doped Weyl semimetals for spintronics and realization of qubits.
